Magnetic skyrmions are chiral spin structures with a whirling configuration. Their topological properties, nanometer size and the fact that they can be moved by small current densities have opened a new paradigm for the manipulation of magnetisation at the nanoscale. To date, chiral skyrmion structures have been experimentally demonstrated only in bulk materials and in epitaxial ultrathin films and under external magnetic field or at low temperature. Here, we report on the observation of stable skyrmions in sputtered ultrathin Pt/Co/MgO nanostructures, at room temperature and zero applied magnetic field. We use high lateral resolution X-ray magnetic circular dichroism microscopy to image their chiral Néel internal structure which we explain as due to the large strength of the Dzyaloshinskii-Moriya interaction as revealed by spin wave spectroscopy measurements. Our results are substantiated by micromagnetic simulations and numerical models, which allow the identification of the physical mechanisms governing the size and stability of the skyrmions.
Magnetic skyrmions are chiral spin structures with a whirling configuration. Their topological properties, nanometer size and the fact that they can be moved by small current densities have opened a new paradigm for the manipulation of magnetisation at the nanoscale. To date, chiral skyrmion structures have been experimentally demonstrated only in bulk materials and in epitaxial ultrathin films and under external magnetic field or at low temperature. Here, we report on the observation of stable skyrmions in sputtered ultrathin Pt/Co/MgO nanostructures, at room temperature and zero applied magnetic field. We use high lateral resolution X-ray magnetic circular dichroism microscopy to image their chiral Néel internal structure which we explain as due to the large strength of the Dzyaloshinskii-Moriya interaction as revealed by spin wave spectroscopy measurements. Our results are substantiated by micromagnetic simulations and numerical models, which allow the identification of the physical mechanisms governing the size and stability of the skyrmions.
The recent discovery of nanometer size whirling magnetic structures named magnetic skyrmions has opened a new path to manipulate magnetisation at the nanoscale [1] [2] [3] [4] [5] [6] [7] . A key feature of such magnetic nano-objects is their chiral and topologically non-trivial spin structure, i.e their magnetisation texture cannot be continuously transformed into the uniform magnetic state without causing a singularity [8] . For a surface C, this topological property is characterized by the skyrmion number S = . For a single skyrmion, |S| is quantized and equal to 1 whereas S = 0 for the ferromagnetic state or any topologically trivial structure. The skyrmion chiral property is generally driven [2, 6] by an additional anti-symmetric term in the exchange energy, namely the Dzyaloshinskii-Moriya interaction (DMI), induced by the lack of structural inversion symmetry and the spin orbit coupling (SOC) [9, 10] . This additional energy term writes E DM = D.(S 1 × S 2 ) where D is the DMI characteristic vector and S 1 and S 2 are two neighbouring spins. Thus, the DMI tends to make the magnetisation rotate around D. An additional important feature is that skyrmions can be manipulated by in-plane currents [11] [12] [13] [14] which has led to novel concepts of non-volatile magnetic memories [7, 15] and logic devices [16] where skyrmions in nanotracks are the information carriers. The nm size of the skyrmion combined with the low current density needed to induce its motion [11, 13, 14] would lead to devices with unprecedented combination of high storage density, large data transfer rate and low power consumption [7, 15] . The topological (|S| = 1) and chiral properties of skyrmions are keys for such devices as they control the current induced skyrmion dynamics [7, 14, [17] [18] [19] [20] and the interaction of skyrmions with other spin structures and the nanostructure edges [16, [19] [20] [21] [22] [23] .
Although predicted at the end of the 80's [1], chiral skyrmion lattices and isolated skyrmions were observed only recently in B-20-type bulk or thin film chiral magnets [6] such as MnSi [3] , Fe 1−x Co x Si [24] , FeGe [25] , Mn 1−x Fe x Ge [26] and in ultrathin magnetic films composed of Fe or PdFe monolayers on Ir(111) [27] [28] [29] . In B-20 magnets, the DMI results from the non-centrosymmetric crystalline structure and Bloch-like skyrmions have been observed below room temperature [25] and in the presence of an external magnetic field [6] . In epitaxial heavy metal/ferromagnetic ultrathin films [27] [28] [29] , the DMI arises from the breaking of inversion symmetry at the interfaces combined with the large spinorbit coupling in the heavy metal [7] , leading to skyrmions with a Néel-like structure [30, 31] . However, the observed skyrmions were stable only at low temperature [32] which prevents any use for applications. In addition, the ultrathin films were grown by molecular beam epitaxy which is not suitable for industrial production.
Recently, the attention has shifted to ultrathin ferromagnetic/heavy metal films deposited by sputtering [33] . This class of materials combines several features which makes their use appealing for the study of skyrmion structures and their applications: i/ The magnetic parameters controlling the skyrmion stability and size, i.e the anisotropy, the DMI and the exchange [30, 34] , can be easily tuned by playing with the nature and thickness of the materials composing the multilayers. ii/ They are characterized by a large DMI [35-38, 38, 41-44] which leads to chiral Néel domain walls (DWs) [45, 46] . iii/ Large current induced spin orbit torques are present [47, 48] which results in fast current induced DW motion [49, 50] . iv/ The deposition by sputtering is fast and spatially homogeneous and is compatible with standard spintronics devices such as magnetic tunnel junctions, which makes the industrial integration straightforward. Whereas several recent experimental works have studied magnetic bubbles in such materials [14, 18, 51, 52] , and demonstrated their current induced motion [14, 52] , the direct evidence of their chiral internal structure is still lacking. Here we report on the observation of stable chiral skyrmions in sputtered ultrathin Pt/Co(1 nm)/MgO nanostructures at room temperature and zero applied magnetic field. We used photoemission electron microscopy combined with X-ray magnetic circular dichroism (XMCD-PEEM) to demonstrate their chiral Néel internal structure. The XMCD-PEEM combines several advantages for the observation of magnetic nanostructures, such as skyrmions: firstly, a high lateral spatial resolution (down to 25 nm); secondly, the magnetic contrast is proportional to the projection of the local magnetisation along the X-ray beam direction. In our experiment, the X-ray beam impinges at a grazing angle of 16 degrees on the sample surface plane so that the contrast is approximately three times larger for the in-plane component of the magnetisation than for the out-of-plane one. This important feature allows the direct imaging of the internal in-plane spin structure of DWs or skyrmions. To reduce the noise, the contrast has been averaged perpendicularly to the linescan over 60 nm. The red line is a fit assuming a chiral Néel DW structure convoluted by a Gaussian function to take into account the finite spatial resolution [53] .
Observation of chiral Néel domain walls using XMCD-PEEM
All images shown here were acquired at room temperature and, unless otherwise stated, no external magnetic field was applied during the experiments. The PEEM observations were done in a virgin demagnetized state obtained after the sample nanofabrication and annealing. Complementary magnetisation measurements on unpatterned thin films show that the sample is magnetised perpendicularly to the film in the magnetic domains, which is due to a large interfacial uniaxial anisotropy. Figure 1 (a) shows an XMCD-PEEM magnetic image of a multidomain state in the continuous film. Dark and bright grey regions correspond respectively to the magnetisation pointing down and up. Interestingly, we observe a sharp increase in the dichroic contrast for DWs perpendicular to the X-ray beam, with a strong dark contrast when going from an down to a up magnetized domain (along the beam direction) and a strong bright contrast when going from a up to a down magnetized domain. This can be seen more easily in the linescan of the magnetic contrast shown in Fig. 1(b) , corresponding to the white dashed line in Fig. 1(a) . A peak in the contrast is observed at the up/down DW position while a dip is observed at the down/up DW position. Thus, the magnetisation in the up/down DW is aligned antiparallel to the in-plane direction of the X-ray beam whereas the magnetisation in the down/up DW is aligned parallel. We conclude that the DW magnetisation is perpendicular to the DW surface with an opposite magnetisation direction for the two DWs. This demonstrates that DWs in this material are chiral Néel DWs with a left-handed chirality. Note that for Bloch DWs, the magnetisation would be always perpendicular to the beam direction so that no peak or dip in the magnetic contrast should be observed. The linescan is well fitted assuming a chiral Néel DW structure, the finite resolution of the instrument being modeled by a Gaussian convolution (red curve, Fig. 1(b) ). The fit leads to a DW width of 29.5 ± 4 nm (π A/K ef f ) [53] . 
Spin wave spectroscopy experiments and ab-initio calculations
The driving force of the DW and skyrmion chiral structure is the DMI. To further quantify its amplitude in our films, we measured the frequency shift of oppositely propagating spin waves using spin wave spectroscopy experiments [38] [39] [40] [41] [42] [43] . The idea of the measurement is the following: When the magnetisation is pulled in the plane by an external magnetic field H y , the D vector is oriented along y for spin waves propagating along the x axis (see Fig. 2(a) ). Thus, at a given time t, when moving along the x axis, the magnetisation rotates anticlockwise around the D vector for spin waves with k x < 0 and clockwise for k x > 0. This leads to an energy shift for spin waves with opposite k x vector due to the DMI and the corresponding frequency shift writes ∆f (k
To measure ∆f , we have carried out spin wave spectroscopy using the Brillouin Light Scattering technique in a backscattering geometry [43] . A spin wave spectrum is shown on Fig. 2(b) (red dots) for an in-plane magnetic field of 0.7 T and k x = 4.1µm −1 . The Stokes (S) and Anti -Stokes(AS) peaks are observed, corresponding to ±k x . The blue line is a Lorentzian fit of the experimental data inverted with respect to f = 0, which shows that the Stokes peak has a frequency different to the Anti-Stokes peak, as is expected in the presence of DMI. The shift in frequency ∆f = f S −f AS scales linearly with k x (Fig. 2(c) ), which allows to extract a DM parameter D = 2.05±0.3 mJ/m 2 . Note that the sign of ∆f is consistent with the sign of D and the left handedness of the Néel DW we observe experimentally. As D is expected to be inversely proportional to the film thickness t [43] , one can define a related interfacial DM parameter D s such that D = D s /t and we find a value D s = 2.17 ± 0.14 pJ/m. To our knowledge, this value is the highest reported so far for a sputtered magnetic ultrathin film. To better understand this large value, we carried out ab-initio calculations of the DMI in Pt/Co(n ML)/vacuum and Pt/Co(n ML)/MgO multilayers [44, 53] . For n=5 ML of Co, equivalent to a total Co thickness of 1 nm, the ab-initio calculations predict D = 2.3 mJ/m 2 in relatively good agreement with experiments. Note that a lower value D = 1.5 mJ/m 2 is predicted for a Pt/Co[N]/vacuum structure, which underlines the role played by the Co/oxide interface and in particular the large electric field due to the charge transfer between O and Co atoms.
Room-temperature skyrmion in a magnetic nanostructure
In continuous thin films, isolated magnetic bubbles [54] or chiral skyrmions [6] have been observed so far in the presence of a perpendicular magnetic field, which breaks the stripe domains or helical structure driven by the magnetostatic or DM energy. However, it is known that single magnetic bubbles can be stabilized without external magnetic fields using geometrical confinement in patterned nanostructures [55, 56] . Here we patterned different structures with various sizes and shapes (circular, square) in our Pt/Co/MgO thin films. Fig. 3(a) shows a circular magnetic domain stabilized in the middle of a 420 nm wide square dot, imaged at room temperature and no applied magnetic field. As observed in the multidomain structure, a sharp black/white contrast is observed at the DW position at the bottom/top of the central domain. This leads to a dip/peak in the dichroic contrast when doing a linescan along the domain diameter in the beam direction (see Fig. 3(b) ). This indicates that the in-plane DW magnetisation is aligned parallel/antiparallel to the X-ray beam at the bottom/top of the reversed domain, i.e the DW surrounding the circular domain is a chiral Néel DW. This chiral border leads to a skyrmion number |S| = 1 for this structure. This demonstrates that the observed circular domain is a Néel like magnetic skyrmion. To extract the size of the skyrmion from the image, we assume that the magnetisation profile can be described by a 360
• DW profile [29, 57, 58] : m = sin θ(r)u r + cos θ(r)u z with θ(r) = θ DW (r − d/2) + θ DW (r + d/2), where θ DW (r) = 2 arctan[exp(r/∆)]; d is the skyrmion diameter and ∆ is the DW width. The unit vector u r is the polar unit vector. The blue curve (Fig. 3(b) ) shows a fit of the experimental linescan assuming a Gaussian convoluted 360
• DW and a good agreement is obtained with experimental data. From the fit, a skyrmion diameter d = 130 ± 2.5 nm is extracted. The linescan has been averaged perpendicularly to the linescan over 30 nm. The blue line is a fit to the data using a Gaussian convoluted 360
• DW profile [53] . The orange line is the contrast predicted by the micromagnetic simulations.
To better understand these experimental results, we carried out micromagnetic simulations using experimental values for the magnetocrystalline anisotropy constant K, the magnetic moment per surface area and the DMI interaction amplitude D. The exchange constant was used as a free parameter and the best agreement between experiments and micromagnetic simulations is obtained for A = 27.5 pJ/m, a value in line with previous measurements of A in ultrathin magnetic multilayers [59] . Using these parameters, micromagnetic simulations predict a stable left-handed chiral skyrmion structure at zero external magnetic field (see Figure 4 (a)) with a diameter of 128 nm and a DW width of 37 nm. From this magnetisation pattern, an experimental magnetic image can be simulated and a good agreement is obtained with the experimental results (see Fig. 4(b) and Fig. 3(b) , orange curve for the simulated linescan). We show on Fig. 4(d) the same reconstructed experimental image assuming a Bloch DW structure. The image is rotated 90
• with respect to the chiral Néel bubble structure and it is in clear disagreement with our experimental data. Finally, the simulations allow us to reconstruct the structure of the observed skyrmion. We show in Fig. 4(c) a linescan of the in-plane (m x ) and out-of-plane (m z ) component of the magnetisation along the skyrmion diameter, as predicted by the micromagnetic simulation. The skyrmion diameter (∼ 130 nm) being large compared to the DW width (37 nm), the magnetisation profile is close to two independent chiral Néel DWs, as can be seen on the m z profile. Fig. 3 [53] .
Numerical calculations
The observation of stable skyrmions at zero external magnetic field raises the question of the physical mechanisms that govern the skyrmion stability and size in our experiments. To address this point, we consider a simple model where the magnetisation in the dot θ(r) is described by a circular 360
• Néel DW profile. The free energy E in the circular dot-shaped nanostructure can be written as the sum of two terms [1, 30, 34, 60] : (1) the skyrmion energy E σ [θ(r)] due to the exchange, anisotropy and internal DW stray field energies and (2) the energy due to the magnetostatic interactions between the domains E mag . Assuming a radial symmetry, E σ [θ(r)] can be written as [1, 30, 34, 60] :
where
is the effective anisotropy [57, 61] (K is the magneto-crystalline anisotropy constant), t is the film thickness, R the dot radius. The demagnetizing energy due to the magnetic charges within the DWs E s DW is described by a constant demagnetizing factor N DW such that E s DW = N DW µ 0 M 2 s /2. The energies E σ and E mag [62] can be evaluated as a function of the skyrmion diameter d assuming a 360
• DW profile and a 420 nm diameter circular dot (the magnetic parameters correspond to the experiment of Fig 3 , see methods) . More physical insight is obtained from the effective forces which are plotted in Fig. 5 . A first interesting feature is that F σ (d) cancels out for d ∼ 20 nm, which thus would be an equilibrium size for the skyrmion in the absence of the domain magnetostatic energy. This equilibrium is the result of a balance between the DW energy cost which is proportional to d and tends to decrease the skyrmion diameter and the curvature energy cost due the exchange energy which scales as 1/d [34] . However, the magnetostatic force F mag is large enough at low diameter to destabilize this balance and the final equilibrium position is obtained for a larger value of d ∼ 90 nm, where the two forces are equal. This underlines that the magnetostatic energy plays an important role in the stability and size of the skyrmion at zero external magnetic field. We also carried out micromagnetic simulations for square nanostructures with larger lateral dimensions. We observed that for sides larger than 1.2 µm, the skyrmion structure is not stable and a stripe domains structure appears [53] . This may explain why we did not observe any skyrmions but stripe domains for larger structures with 1 µm sides [53] . The confinement is thus an additional important feature for the skyrmion stability. It may seem surprising that the domain magnetostastic energy plays such an important role in the skyrmion stability given the very small thickness of the layer. Indeed, magnetostatic effects are expected to favor multidomain states only when the film thickness t is of the order or larger than the characteristic length l w = σ/(µ 0 M 2 s ), where σ is the DW surface energy. This criterion expresses the competition between the cost in the DW energy and the gain in the magnetostatic energy when creating a domain. The energy σ scales as σ ∼ 4 AK ef f − πD so that it is decreased in the presence of DMI. Thus, the criterion l w ∼ t can be fulfilled even for very low thickness. In our experiments, we find that l w is indeed of the order of the film thickness, l w ∼ 1 nm. This leads to the counterintuitive conclusion that the higher the DMI, the larger the role played by the magnetostatic interaction in the skyrmion stability. Note that this analysis holds for σ > 0, i.e D < D c where D c = 4 AK ef f /π, which is the case in our sample where D/D c = 0.8.
To conclude, we have observed stable magnetic skyrmions at room temperature in ultrathin Pt/Co/MgO films in the absence of applied external magnetic field. Using the high resolution XMCD-PEEM magnetic microscopy technique, we were able to demonstrate its internal left-handed chiral Néel structure, which can be explained by the large Dzyaloshinskii-Moriya interaction measured in this material. Micromagnetic simulations are in agreement with our experimental results and we show that the equilibrium skyrmion structure is the result of a balance between the DW energy modulated by the DMI and the magnetostatic interaction in the patterned structure. This balance is very sensitive to the different magnetic parameters that are D, K, A and the total magnetic moment. The lateral confinement also plays an important role since it leads to a modulation of the magnetostatic energy. Hence, the size and stability of magnetic skyrmions can be finely tuned by playing with these different parameters. This will be a key for the design of future devices based on the manipulation of magnetic skyrmions. Brillouin light scattering experiment The Brillouin light scattering experiments setup and conditions are the same as described in Ref. [43] . A backscattering geometry has been used. The investigated spin wave vector lies in the plane of incidence and its length is k x = 4π sin(θ inc )/λ (with θ inc the angle of incidence and λ = 532 nm the wavelength of the illuminating laser). The external magnetic field was applied perpendicular to the incidence plane, which allows spin waves propagating along the in-plane direction perpendicular to the applied field to be probed (Damon-Eshbach geometry).
Micromagnetic simulations The micromagnetic simulations were carried out using different micromagnetic codes: a homemade code [66] , the Mumax3 code [67] , the OOMMF code [68] . The following parameters were used [53] : K = 1.45 × 10 6 J/m 3 , M s = 1.4 × 10 6 A/m, A = 27.5 pJ/m, D = 2.05 mJ/m 2 and a film thickness t = 1.06 nm. The lateral size of the elementary cells was typically between 1 and 3 nm. The results presented in this paper were obtained for a lateral cell size of 1 nm. In Fig. 4(b) , a spatial Gaussian convolution with standard deviation σ = 14 nm was used to simulate the finite lateral spatial resolution of the microscope.
Numerical calculations of the skyrmion energy E σ (d) was calculated numerically by minimizing E σ with respect to ∆ at fixed d. E mag (d) was then evaluated from the total magnetostatic energy E mag0 of a Bloch DW in a dot using Ref. [62] . where r ′ = r/R and J 0 is the Bessel function of order zero. R is the dot radius. N DW = 0.0188 was deduced from the width of the DW predicted by the micromagnetic simulations.
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